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Abstract. This paper treats the design and analysis of an energy absorbing system. Experimental 
tests were conducted on a prototype, and these tests were used to validate a finite element model of 
the system. The model was then used to analyze the response of the system under dynamic impact 
loading. The response was compared with that of a similar system consisting of straight circular 
tubes, empty and foam-filled conical tubes. Three types of such supplementary devices were 
included in the energy absorbing system to examine the crush behavior and energy absorption 
capacity when subjected to axial and oblique impact loadings. The findings were used to develop 
design guidelines and recommendations for the implementation of tapered tubes in energy 
absorbing systems. To this end, the system was conceptual in form such that it could be adopted for 
a variety of applications. Nevertheless, for convenience, the approach in this study is to treat the 
system as a demonstrator car bumper system used to absorb impact energy during minor frontal 
collisions. 
Introduction 
In recent years, increased interest in impact mitigation has led to comprehensive research on the 
crash response of energy absorbing devices using analytical, finite element and experimental 
techniques. Various types of thin-walled tubular structures namely squares, rectangular, circular, 
hat-section, tapered rectangular and conical tubes, have been used as energy absorbers to mitigate 
the adverse effect of impact and hence protect the vehicle or structure in a well-controlled manner 
[1-8]. There have been numerous studies on the crushing and energy absorption response of such 
thin-walled tubes under axial impact loading conditions. In many applications energy absorbers are 
frequently incorporated with other structural components in the system design. It is therefore of 
particular interest how individual energy absorbers behave when they are incorporated into an 
energy absorbing system. Furthermore, the absorbers are commonly mounted to other structural 
members. Thus, the absorber response may differ to when the absorbers are analysed individually. 
The presence of supplementary devices in the energy absorbing system seems to improve crush 
stability and enhance the energy absorption capacity [9-10]. It is evident that the inclusion of foam-
filled conical tubes and tapered rectangular tubes in the design of rollover protective structures may 
improvise the capability of the structure in absorbing impact energy. The present study treats the 
energy absorption performance of automotive frontal structures namely bumper beams under axial 
and oblique impact loadings using validated computer models. The relative effect of geometry and 
loading parameter on the energy absorption responses was examined. Overall the results 
demonstrate the advantages of including tapered tubes in energy absorbing system with a noticeable 
improvement in energy absorption capacity.   
 The assembly of energy absorbing system 
Figure 1 shows the assembly and components of the bumper system. The components are joined to 
each other using fillet and stitch welds. The vehicle longitudinal axis indicates the orientation of the 
system should it be installed on a vehicle. Two energy absorbers are located at each end of a 
channel or cross beam which acts to transfer an applied load to each absorber. Each absorber itself 
is a tapered thin-walled tube. In the case of the bumper system in an impact situation this would 
lead to peak decelerations which may be above those which the protected vehicle and its occupants 
can withstand.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Energy absorbing system consisting of tapered rectangular tubes 
 
The trigger component is designed to reduce this peak load and hence provide a relatively stable 
load response for the absorber as it is crushed. Figure 1 also shows the simulated deformed profile 
of the tube under an axially applied load, with the stress concentrations due to the trigger vanes 
clearly evident in the end face of the tube. A trigger could potentially be used in a bumper system 
design as a means of reducing and controlling the peak loads transmitted to the vehicle.  
Experimental testing 
Quasi-static testing was carried out in order to validate the finite element model of the bumper 
system. The specimen used for quasi-static testing is shown in Fig. 2. Each component of the 
specimen was fabricated from a mild steel plate with the following thicknesses: 3 mm for the 
channel centre, 4 mm for the channel brace and trigger, 1.6 mm for the energy absorber and 8 mm 
for the mounting plate. Each component was welded together using fillet welds. The bumper system 
was then fully fixed to a rigid test rig to support the specimen, using fillet welds around the base 
edge of each energy absorber, as shown in Fig. 2. 
Validation of the finite element model involves comparing the deformed profiles and load-
deflection response of the bumper system. Strain was measured using rosette strain gauges placed at 
regions where stresses were highest, and these regions were first determined using a preliminary 
finite element model of the system. A rosette was placed on a side wall of each energy absorber, 
and on each trigger and channel brace, giving a total of six rosettes (Fig. 2). Locating rosettes on 
both the left-hand-side and right-hand-side components was so as to account for any lack of 
symmetry in manufacture or loading between each absorber assembly. Gauge A was placed on the 
outer face of the energy absorber, near the location of the buckle predicted using the finite element 
model. Gauge B was placed on the lower vertical vane of the trigger to assess strains in the region 
of the connection between the channel and the energy absorber, while gauge C was placed on the 
channel brace, below the horizontal trigger vane. The deflection response of the channel was 
measured using a linear variable displacement transducer (LVDT) fixed to the cross-head of the 
testing machine. This deflection would also provide a measure of the deflection (in mm) of the 
energy absorbers as the load was applied. 
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Fig. 2 Test specimen of the bumper system welded to its supporting test rig 
Development of the finite element model 
A model of the bumper system was developed using the finite element explicit code LS-
DYNA971[11]. Figure 3 shows the mesh, geometry and loading arrangement of the model for the 
bumper system. Since the thickness of each component was sufficiently small, all components were 
modelled using shell elements, while five integration points were used through the shell thickness to 
model bending. The welded connections between each component were simulated using tied 
constraints. The base of each mounting plate was fully fixed to a supporting rigid body. This rigid 
body was modelled as a rigid wall and constrained in all degrees of freedom to support the bumper 
system. Quasi-static loading was simulated by applying an initial velocity of 2 m/s to the rigid wall 
such that it axially crushed the bumper system. Contact within the energy absorbing system was 
modelled using automatic single surface contact which is a self-contact interaction during collapse. 
Coulomb friction coefficients of 0.3 and 0.2 were defined for static and dynamic, respectively. The 
piece-wise linear plasticity material model was employed for the entire parts of the system. 
 
 
 
 
 
 
 
 
 
Fig. 3 Finite element model of a bumper system 
 
Validation of the finite element model. Figure 4 depicts the experimental and predicted deformed 
profiles of the bumper system at a cross-head deflection of 59 mm. Overall the lobe formation has 
been well predicted. The experimental and predicted load-deflection response is compared in Fig. 4. 
It can be seen that the initial peak load, as an important energy absorption parameter, is well 
predicted by the FE model. 
 
 
 
 
 
 
 
 
 
Fig. 4 Comparison of experimental and numerical deformed profiles and load-deflection curve of 
the bumper system 
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 Inclusion of circular, conical and foam-filled conical tubes as supplementary devices 
A series of additional numerical analysis was performed to examine the effect of crush response and 
energy absorption capacity by including circular, conical and foam-filled conical tubes into the 
bumper system. Furthermore, the presence of tapered tubes (empty and foam-filled conical) 
mounted in an energy absorbing system can clearly be observed under similar loading condition. It 
is evident in [7] that an individual foam-filled conical tube has superior energy absorption capability 
under impact loading. As a basis, same approaches were employed based on the validated finite 
element model of the bumper system for the subsequent study with new geometries as tabulated in 
Table 1. 
 
Table 1 Absorber dimensions used in the parametric study 
 
 
 
 
 
 
 
Effect of tapered and filled tubes on tube response under axial impact loading. The simulation 
involved axially impacting the bumper system onto a rigid body which was fully fixed in space, 
while the rigid body to which the bumper system was attached was assigned a point mass and initial 
velocity of 10 m/s. The effects of strain rate were only included for the absorber, since this 
component underwent the most severe deformations and strains. The effects of strain rate were 
included using the Cowper-Symonds equation with parameter values D = 6844 s
-1
 and q = 3.91 as 
employed in [12-15].  
Figure 5 depicts the load-deflection response and energy absorption capacity for circular, empty 
and foam-filled conical tubes for various thicknesses under axial impact loading. It is noted that a 
tapered tube shows profound responses and desirable energy absorption capacity compared to a 
circular tube. More importantly, the crush response and absorbed energy by a foam-filled conical 
tube is prominent up to a given deflection and such a tube can be deemed as an effective additional 
device for bumper beam system. Obviously, the energy absorption capacity increases with 
increasing deflection and thickness of tubes particularly for empty and foam-filled conical tubes due 
to the increase amount of material deformation. In addition to this, the presence of foam 
significantly influences the load-deflection response of the energy absorbers. The reason for the 
differences in load-deflection response is due to the different degrees of deformation of the energy 
absorbers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 (a) Load-deflection response of the bumper system with three different tubes as the energy 
absorber (b) Effect of wall thickness on the absorbed energy of the tubes under axial impact loading 
Absorber geometry (deg) L (mm) D (mm) d (mm) h (mm) 
Circular 0 100 50 50 2.0 
Empty/foam-filled conical 10 100 85 50 2.0 
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Fig. 6 (a) Load-deflection response of the bumper system with three different tubes as the energy 
absorber (b) Internal energy of with three different tubes as the energy absorber under oblique 
impact loading 
 
Effect of tapered and filled tubes on tube response under oblique impact loading. Owing to 
high possibility of bumper system impacting obliquely onto a rigid wall in an impact event, the 
simulation also demonstrates the crush response and energy absorption capacity of such a system 
with an initial velocity of 10 m/s at a loading orientation of 30
o
. Figure 6 shows the load-deflection 
response and internal energy capacity for circular, empty and foam-filled conical tubes under 30
o
 
degree oblique impact loading. From Fig. 6(a), it is obvious that a foam-filled conical tube offers 
superior energy absorption capacity with a stable progressive crushing as also established in the 
previous studies [9, 16]. Under oblique loading, conical and circular tubes have less significant 
effect on the crush load up to a given deflection. However, the energy absorption capacity (Fig. 
6(b)) of conical tubes is greater than that of circular tubes due to the increased amount of material 
deformation particularly at the end of the crushing process. It is also evident that a foam-filled tube 
exhibits lower initial peak load compared with the other tubes. From a crashworthiness point of 
view, minimizing the peak initial load is desirable in crash event to prevent volatile impact load 
transmitted to the survival room. It should also be noted that a circular tube tends to collapse under 
global buckling when subjected to oblique impact as illustrated in Fig. 7. The absorber made of 
tapered tubes had undergone significant progressive deformation, as evidenced by the collapse 
profiles. Moreover, it appears that the progressive crushing response for the tapered tube is more 
stable than for the straight tube, which is desirable for crashworthiness. Such finding shows that 
tapered tubes (empty/foam-filled) have advantageous over straight tubes. 
 
 
 
 
 
 
Fig. 7 Deformation modes of three different tubes as the energy absorbing devices under oblique 
loading  
Conclusion 
The present paper has investigated the crush and energy absorption response of a bumper system 
consisting of circular, conical and foam-filled conical tubes. A finite element model of the system 
was validated using experimental techniques, and the energy absorption response was quantified for 
axial and oblique dynamic impact loads. The most important practical conclusions which can be 
drawn from the numerical analysis are the trigger mechanism serves to reduce the dynamic effects 
on the energy absorption of the bumper system for low deflections and a tapered thin-walled tube is 
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 advantageous for use as an energy absorber under axial and oblique impact loadings since they 
provide a relatively smooth load-deflection response which promotes stable, controlled retardation 
with lower initial peak load as required during an impact event.  
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